Generalized tight-binding molecular dynamics scheme is extended to treat heteroatomic interactions in covalent clusters. The simplicity of the method derives from the minimum number of adjustable parameters needed. Application to small and intermediate size Si m C n clusters including SiC heterofullerenes show good agreement with experiment.
I. INTRODUCTION
Recently there has been a resurgence of interest in tightbinding schemes for semiconductors. The computational efficiency of the tight-binding method derives from the fact that the Hamiltonian can be parametrized. Furthermore, the electronic structure information can be easily extracted from the tight-binding Hamiltonian, which in addition, also contains the effects of angular forces in a natural way. Several groups have proposed transferable tight-binding models for Si. [1] [2] [3] [4] [5] [6] All these schemes, with the exception of Refs. 4 and 5 make use of orthogonal basis sets for parametrization. Consequently, they require a large parameter base to obtain good agreement for bulk phases. Our scheme for Si, in contrast, contains only four adjustable parameters, making the fitting procedure rather straightforward. Good agreement with experiment is obtained for Si in the range all the way from a few atoms to the condensed solid for bond lengths and vibrational frequencies. Similarly, transferable schemes with only four adjustable parameters were proposed for C 7 and Ge. 8 Parametrized transferable schemes for heteroatomic systems can be very useful in determining structural properties of clusters containing atoms belonging to different chemical species as well as for systems containing impurities and defects. Such systems almost always tend to have either very low symmetries or no symmetry at all. As a result, accurate ab initio total energy calculations for intermediate and large size clusters are extremely difficult. Vibrational analysis using ab initio methods for these size systems is even more challenging. Since the presence of imaginary frequencies are a sign of instability, vibrational analysis provides a very useful test for the determination of a local minimum.
It is apparent that there is a need for a computationally efficient tight-binding molecular dynamics scheme to treat heteroatomic interactions in covalent systems. In our earlier works we have demonstrated that use of only a few adjustable parameters is sufficient to obtain a wide range of transferability provided that explicit use of nonorthogonality of the basis is made. In the present work, we extend our nonorthogonal tight-binding molecular dynamics method to treat heteroatomic interactions in covalent clusters while maintaining the simplicity of the original scheme by using only a few adjustable parameters. The efficacy of the method is demonstrated by application to silicon-carbon clusters of small and intermediate sizes.
With the fairly recent successful experimental detection of the SiC molecule, there is presently considerable interest in the structure and properties of Si m C n clusters. [9] [10] [11] [12] SiC is known to be an abrasive and with potential as a semiconductor. SiC and SiC 4 clusters have been detected in interstellar space. 13, 14 The substitutional doping of carbon fullerenes with Si atoms provides another avenue for synthesizing Si m C n clusters with unusual properties. This is of great interest for the processing of fullerene assembled materials having specific physical and chemical properties.
Recently, experimental synthesis of stable silicon doped heterofullerenes has been reported by several groups. [15] [16] [17] They appear in the form C 2nϪq Si q with 2nϾ32 and qр3. Furthermore, the size abundance of pure carbon fullerenes C 2n were exactly mirrored by those of the C 2nϪq Si q doped species. In particular, enhanced stabilities were reported for the even total number of atoms: 2nϭ44, 50, or 60. It should be noted that while Si and C are isovalent, their behavior in forming chemical bonds is quite different. For small clusters (Nр10) Si prefers three-dimensional structures, 18 while C prefers chains or rings. 19 The contrast between the two elements is apparent even for Nϭ3. The ground state for Si 3 is an open triangle while the ground state for C 3 is a linear chain. 18, 19 Furthermore, in the most stable bulk phase Si prefers sp 3 bonding while C prefers sp 2 bonding. In light of these observations it is natural to be curious to know to what extent silicon can be substituted in the fullerene cage without destroying the cage network, and how the doped atoms arrange themselves in the cluster.
Very recently, silicon-doped fullerenes have been synthesized by the laser induced annealing of SiC binary clusters. 20 Direct photofragmentation on these mixed In this work, we determine the structure and stability of SiC heterofullerenes using a nonorthogonal tight-binding molecular-dynamics scheme with a view to determine the most stable geometry for the case with up to 12 substitutional Si atoms. For this purpose, we generalize the formalism to include interactions in heteroatomic covalent clusters using a simple prescription which involves the introduction of only one additional parameter. This allows us to maintain the simplicity of the original scheme while obtaining good agreement with experiment and ab initio results for heteroatomic clusters of arbitrary sizes.
The purpose of this work is, thus, twofold. First, to generalize the formalism to heteroatomic clusters, and then to apply the new formalism to study the structural properties of these clusters.
II. THEORETICAL METHOD
The generalized tight-binding molecular dynamics ͑GT-BMD͒ scheme of Menon and Subbaswamy has been found to be very useful in obtaining equilibrium geometries for silicon and carbon clusters, 4, 7, 21 in very good agreement with ab initio results. 18, 19 Furthermore, GTBMD has also been found reliable in obtaining very good agreement with experimental and local density approximation ͑LDA͒ results for the structural and vibrational properties of fullerenes and nanotubes. 7 The generalization ͑H-GTBMD in the following; H denoting heteroatomic interactions͒ is achieved by using a simple prescription for averaging the parameters that allows us to stay within the universal scheme of Harrison, [22] [23] [24] resulting in a minimal number of adjustable parameters with the addition of only one parameter. We refer the readers to Refs. 4,7,8 for the formalism for single species. For interactions between atoms of type, say, a and b, we determine the orthogonal Hamiltonian parameters in terms of the dimensionless universal parameters using the prescription,
where r 0 a and r 0 b are the covalent radii of the interacting atoms. The universal parameters used here are modi- 
. The scaling of the electronic and repulsive parameters remain the same as in the original GTBMD scheme, 
The choice of ⌫ϭ1.686 Å Ϫ3/4 reproduces values for ␣ used in our earlier works for Si and C.
The nonorthogonality coefficient for the heteroatomic interactions, K a,b , is taken to be the mean of the individual K's, i.e.,
where a and b are the corresponding parameters for the individual species given in Refs. 4 and 7.
The equation determining S Ј , obtained from the extended Hückel theory 25 now reads
This expression for the overlap parameters, however, cannot be used directly in place of the S Ј appearing in the equation for S 2 ͓Eq. ͑7͒ in Ref. 4͔ on account of the asymmetry with respect to ⑀ a and ⑀ b , in Eq. ͑6͒. Instead, they must be obtained by the following symmetrization:
The basis set used in the formalism are hybrid orbitals formed from linear combinations of atomic orbitals ͑LCAO͒ consisting of valence s and p orbitals. 22 The diagonal matrix elements, ⑀ a , are taken to be the valence s and p energies given in the Solid State Table of Harrison. 22 Note that charge transfer effects are not explicitly included in the diagonal matrix elements. The present formalism can, however, be readily extended to incorporate such effects by varying the diagonal matrix elements. 26 The parameters for Si are taken from Ref. 4 , while those for carbon are taken from Ref. 7 . We have, thus, extended the formalism to treat heteroatomic clusters ͑H-GTBMD͒ by the addition of only one parameter, namely the universal constant ⌫. The vibrational frequencies of the heteroatomic systems can be obtained efficiently, as in the original scheme for single species, 7 by evaluating the analytic second derivatives of the electronic structure Hamiltonian. In Table I we list all the a priori ͑⑀,⑀ p , and r 0 ͒ and adjustable (K 0 , 0 , and ͒ parameters used.
III. RESULTS
We next apply the H-GTBMD formalism to study SiC clusters of arbitrary sizes. All geometries were optimized by molecular dynamics relaxation using the tight-binding parameters for Si and C given in Table I . It should be noted that the term ''molecular dynamics'' used in the present work is not ''true'' molecular dynamics in the traditional sense. It is merely a way to optimize the geometry without any symmetry constraints so that the resulting structure is a local minimum of the total energy.
A. Small SiC clusters
For the SiC dimer, H-GTBMD gives a bond length of 1.767 Å and vibrational frequency of 995 cm Ϫ1 . The experimental value for the bond length is 1.731 Å. 9 The ab initio calculations predict the frequency of this dimer mode to be 927 cm Ϫ1 . 9 As a precursor to the study of SiC heterofullerenes we performed calculations to determine the most stable geometries for small SiC clusters for which accurate ab initio results are available for comparison. Additionally, experimental data are also available for some of these clusters. In Figs. 1͑a͒ and 1͑b͒ we show fully relaxed geometries for the most stable isomers of SiC 2 and SiC 4 obtained using the H-GTBMD scheme. In SiC 2 , the Si-C bond length is 2.147 Å and the C-C bond length is 1.24 Å, whereas in the SiC 4 cluster the Si-C bond length is 1.836 Å and the C-C bond lengths are 1.236 and 1.348 Å. The ab initio bond lengths calculated for the Si-C bonds range from 1.70 Å to 1.96 Å, while the C-C bond lengths range from 1.23 Å to 1.42 Å. 10, 11 The cyclic geometry for SiC 2 is supported by visible spectroscopy, 10 while linear SiC 4 has been identified by vibrational spectroscopy. 11 More recently, experimentalists have succeeded in synthesizing rhomboidal SiC 3 using electrical discharge methods. 27 Isotopic substitution has established the identity of rhomboidal SiC 3 beyond reasonable doubt, and provided a precise experimental determination of the length of its individual bonds. 27 The H-GTBMD optimized structure (C 2v ) is shown in Fig. 1͑c͒ . The isosceles triangle formed by the three C atoms have two distinct bond lengths of 1.44 and 1.57 Å. This is in very good agreement with the experimental values of 1.44 and 1.49 Å. 27 Our value of the Si-C bond length of 2.09 Å is also in good agreement with the experimental value of 1.83 Å.
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B. SiC heterofullerenes
With a view to study the SiC heterofullerenes with a large doping of Si we first consider three fully relaxed C 58 Si 2 isomers using the H-GTBMD method. These configurations contain Si atoms ͑i͒ as nearest-neighbors ͑''ortho''͒, ͑ii͒ next-nearest neighbors ͑''meta''͒, and ͑iii͒ located at opposite sites ͑''para''͒ of the C 60 molecule, where the terms used in the bracket are taken from Ref. 17 . Two of these structures ͑''ortho'' and ''meta''͒ are shown in Fig. 2 . Incorporation of Si obviously results in ''popping'' out of Si atoms to accommodate the larger Si-C bonds. The Si-C bond length is obtained to be 1.819 Å. This is within the range of the Si-C bond lengths for small SiC clusters found using ab initio methods ͑1.70 Å to 1.96 Å͒. The Si-Si bond length in the ''ortho'' configuration is determined to be 2.24 Å. Note that the Si-Si bond is tilted with respect to the cage. It is a well known experimental fact that on Si͑100͒ surface, Si atoms reconstruct to form tilted dimers 28 just as seen in Fig. 2 . The Si-Si bond length of 2.79 Å in the ''meta'' configuration obtained here is identical to the 2.79 Å obtained using the ab initio methods for the same structure. 17 The H-GTBMD energy calculations show the ''meta'' to be more stable than the ''ortho,'' also in good agreement with ab initio calculations reported in Ref. 17 .
Photofragmentation experiments have shown with certainty the possibility of doping up to seven silicon atoms into carbon fullerenes. 20 Furthermore, these experimental results are also in favor of substitution of up to 12 Si atoms into stable cagelike carbon networks. 20 These results raise many interesting questions. Among the issues to be addressed are: ͑1͒ Can these structures maintain their cagelike geometry even after doping with such large number of Si atoms? ͑2͒ If so, what is the preferred geometry of these heterofullerenes?
In order to provide these answers we perform H-GTBMD optimizations of several isomers of the C 48 Si 12 cluster. Four of these isomers are shown in Fig. 3 . They range from Si atoms homogeneously distributed over the fullerene cage to a completely segregated morphology. In Table II we give a summary of relative binding energies and the values of the energy differences between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ for the structures shown in Fig. 3 . The HOMO-LUMO gaps show rather large variation. As is evident from the binding energies in the table, the structure with completely segregated Si atoms ͓Fig. 3͑d͔͒ is the most stable followed by that containing partial segregation ͓Fig. 3͑c͔͒. Interestingly, the isomer with six Si dimers ͓Fig. 3͑b͔͒ is found to be the least stable; even less stable than the less segregated isomer containing homogeneous distribution of Si atoms ͓Fig. 3͑a͔͒. In light of the similar behavior found for the C 58 Si 2 isomers, it can be concluded that dimer formation is energetically unfavorable. The relatively large energy differences between the Si segregated ͓Figs. 3͑c͒ and 3͑d͔͒ and nonsegregated ͓Figs. 3͑a͒ and 3͑b͔͒ structures indicate the extent of strain involved in accommodating sp 3 preferring Si in an sp 2 type structure. The segregation, however, allows the strained regions to be confined to certain areas while allowing most carbon atoms to maintain sp 2 -like configuration.
We also optimized a C 48 Si 12 cluster obtained by replacing the 12 pentagons of the fullerenes by six squares with Si atoms occupying the opposite corners of each square. 20 This is similar to the geometry used in the studies on the boronnitrogen analogs of the fullerenes since this allows for a full alternation of the B-N bond, avoiding the energetically unfavorable B-B or N-N bonds. 29 An attractive feature of this structure is that additional Si-Si bonds can form across the diagonals of the squares resulting in fourfold coordination for all Si atoms. The carbon atoms, however, remain threefold coordinated. This structure, however, was found to be higher in energy than all the structures shown in Fig. 3 . The energy gained by the formation of the additional Si-Si bonds is more than offset by the strain resulting from forcing planar configuration for all Si bonds.
We also performed a H-GTBMD optimization of the pristine icosahedral Si 60 cage. The initial configuration with I h symmetry was found to be highly unstable, distorting to a much lower symmetry (C 2v ) geometry with atomic arrangement tending toward tetrahedral geometry while still maintaining threefold coordination for all Si atoms. This is very similar to the distorted Si fullerene structure obtained by us using a different set of parameters. 30 For comparison purposes we also relaxed a 60 atom silicon network cluster ͑building blocks for bulk diamond structure͒. Not surprisingly, the Si 60 network cluster is found to be more stable than the distorted Si 60 fullerene ͑by 6.65 eV͒. Even though our calculations show that a local minima can be found for the Si 60 cage, the experimental observations of the photofragment product distribution of initially stoichiometric (SiC) n clusters with nϽ60 suggest an upper limit for Si substitution to be 12. 31 This upper limit for Si doping is understandable in view of our calculations showing the tendency of Si atoms to group together as close neighbors in SiC heterofullerenes. SiC heterofullerenes are expected to be very reactive at their Si sites, since in cluster forms Si prefers higher coordination. 18 Larger substitutional doping of fullerenes with Si results in geometric configurations similar to those shown in Figs. 3͑c͒ and 3͑d͒. These Si rich ''sticky'' regions grow with increasing doping, enhancing the likelihood of these regions of a heterofullerene coalescing with similar regions of another rather than staying as individualized SiC heterofullerene units.
We have, thus, extended the GTBMD scheme to be applicable to heteroatomic clusters and used the formalism to study small and intermediate size SiC clusters including recently synthesized SiC heterofullerenes. The new method gives good agreement with experiments and ab initio results for these Si m C n clusters. More recently, we have applied this formalism to study the structural properties of boron nitride nanotubes; another heteroatomic system. 32 The dynamic relaxation of BN nanotubes resulted in the buckling of BN bonds in such a way that the B atoms rotate inward and the N atoms move outward, in agreement with ab initio results. 33 The total energy calculations for the H-GTBMD relaxed BN nanotubes of different chiralities showed that the ''zig-zag'' BN nanotubes suffer least amount of strain on relaxation. This led us to make the prediction that ''zig-zag'' BN nanotubes should be more stable and easily made in experiments. 32 Our prediction has been verified by recent experiments showing that, regardless of the production method used, BN nanotubes are produced predominantly in FIG. 3 . Four of the most stable isomers of the C 48 Si 12 cluster obtained using the H-GTBMD scheme. The geometries range from Si atoms homogeneously distributed over the fullerene cage ͑a͒ to a completely segregated morphology ͑d͒.
TABLE II. Relative energies and HOMO-LUMO gaps of several isomers of the C 48 Si 12 cluster obtained using the present scheme.
Isomer
Energy ͑eV/atom͒ HOMO-LUMO gap ͑eV͒ 0.28 0.82 Fig. 3͑c͒ 0.02 0.64 Fig. 3͑d͒ 0.00 0.57 zig-zag configurations. 34, 35 This should be contrasted with the case of carbon nanotubes where all chiralities are equally likely when produced in experiments.
